Background
==========

Fracture healing consists of restoring anatomical continuity of the bone by filling the fracture fissure with bone tissue and recovering the physiological activity of the limb. In the process of fracture healing it is very important to control the set of bone splinters and form a union. Clinical evaluation of bone healing is possible only after removing the plaster. Due to the translucency of plasters for X-rays, general availability and low cost of test execution, control radiographs were adopted as the standard in the monitoring of a fracture-healing process \[[@b1-poljradiol-80-473]\]. However, radiographs enable only quantitative assessment of periosteal reactions. Qualitative assessment of the degree of mineralization is subjective and depends on the radiologist's abilities to describe a radiogram \[[@b2-poljradiol-80-473]\]. Therefore, other methods allowing assessment of bone union in terms of its mechanical properties, the strength or the degree of calcification have been sought. There has been much research about the use of computed tomography (CT) for this purpose as well as dual energy absorptiometry X-ray (DEXA) and quantitative computed tomography (QCT) \[[@b3-poljradiol-80-473]\]. It should be noted that all of these techniques expose the patient to ionizing radiation. According to the 13^th^ U.S. Report on Carcinogens, X-rays have been officially recognized as a factor in the development of leukemia, lymphoma, cancer of the thyroid and lung \[[@b4-poljradiol-80-473]\]. Modern medicine is oriented to the development of new diagnostic methods without adverse effects on the patient's body.

One of the imaging techniques, missing harmful effects on the body, is ultrasound. According to the WHO, ultrasound has been recognized as a safe, quick and effective method. It has a high value in imaging the majority of areas of the body, including the musculoskeletal system. Due to its general availability and low cost ultrasound examination has become widely used. The advantage of ultrasound is the possibility of frequent, even daily repetition of testing without subjecting the patient to harmful factors \[[@b5-poljradiol-80-473]\]. The aim of the study was to analyze the correlation of ultrasound with radiographs in imaging of callus formation after fractures of long bones in children and to analyze the correlation of vascular resistance index (RI) and the degree of vascularization of the callus with a subjective radiological assessment of the bone union quality.

Material and Methods
====================

The prospective study was planned to qualify 50 children treated for fractures of the long bones in the Outpatient Clinic. To conduct research the consent of the Bioethics Committee was obtained (No. RNN/75/13/KE).

The study enclosed children aged 2 to 18 years, after fractures of the long bones of the arm, forearm, thigh and lower leg. Subperiosteal fractures, ones with periosteum interruption without displacement, fractures with fragments dislocation after closed or blunt reposition, as well as after internal fixation were analyzed. Patients with intra-articular fractures, with known metabolic bone disorders and children with an earlier fracture of the same bone or fracture of a corresponding bone of the other limb were excluded from the study.

According to the program, an ultrasound examination of the fracture area was performed within 3 days after the follow-up visit in the clinic, where radiograms in two projections (anterior-posterior and lateral) were taken and the plaster was removed. We do not recommend cutting out windows in the cast to perform ultrasound examination, because for children it is a stressful and painful procedure.

X-ray examinations were performed by radiographers experienced in examining children. The control kVp and mAs were adjusted depending on the age and physique. The average values for X-ray examinations of the lower limb in children were: kVp 40--50 and mAs 0.6--1.6. The average values for the upper limb were: kVp 35--50 and mAs 0.6--1.2. The X-ray system was not fitted with the Dose Area Product (DAP) meter and the accumulated DAP during examinations was not recorded. Radiograms were evaluated by a radiologist with a 30-year experience. Measurements and assessment of the callus quality were performed.

Ultrasound diagnosis was carried out using Philips iU22 camera equipped with a linear probe with 17-5-MHz resolution and MSK Superficial program. Studies were performed by one ultrasonographer experienced in imaging of the musculoskeletal system. During an ultrasound examination all surfaces of the fractured bone and the corresponding healthy bone were pictured. Measurements of the length and width of the callus were made on the front and lateral surfaces of the bone. Callus vascularity was visualized and the number of blood vessels with a diameter of 1 mm on the surface of 3 cm^2^ was measured. Vascular resistance index (RI), which is a measure of pulsatile blood flow that reflects the resistance to blood flow caused by a microvascular bed distal to the site of measurement, was measured with Power Doppler function. We used Pulsed Wave Doppler (PW) 40% with fixed Wave Frequency (WF) of 40 Hz and Sample Volume Lenght of 0.5 mm. The same measurements were performed within the corresponding area of the healthy limb. The results obtained by ultrasound were compared with radiographic measurements and with the subjective assessment of the callus quality. The patients' clinical data, such as age, sex, location and type of fracture and the efficiency of the limb within two weeks after plaster removal were analyzed. The obtained results were analyzed statistically using arithmetic average, Wilcoxon test.

Results
=======

Preliminary results were developed on a group of 24 patients, where 28 fractured bones and 28 corresponding healthy bones were examined. Fifteen boys and 9 girls participated in the study. The average age at injury was, respectively, 11 and 9 years.

In both groups fractures without displacement were the most frequent. A similar frequency was observed in fractures requiring reposition and in subperiosteal fractures. In contrast, fractures with a slight displacement of the fragments, were 3 times more common in girls ([Table 1](#t1-poljradiol-80-473){ref-type="table"}). In 2 boys there occurred limitation of movement of the limb after removing the plaster with the necessity of a referral to a physiotherapy center. The results obtained by ultrasound were compared with radiograph measurements and with the subjective assessment of the callus quality ([Figures 1](#f1-poljradiol-80-473){ref-type="fig"}[](#f2-poljradiol-80-473){ref-type="fig"}--[3](#f3-poljradiol-80-473){ref-type="fig"}).

Measurements of the length and width of the callus were statistically analyzed using a Wilcoxon test. The differences in the results obtained in the ultrasound in comparison to X-ray were not statistically significant ([Table 2](#t2-poljradiol-80-473){ref-type="table"}).

The level of vascularity in periosteal reactions was also examined and compared to healthy periosteum of the corresponding limb by assessing the number and size of blood vessels per 3 cm^2^. The results showed strong congestion of bone remodeling areas that can indirectly indicate the phase of the healing process ([Figure 4](#f4-poljradiol-80-473){ref-type="fig"}).

Vascular resistance index (RI) measurements in the callus were compared with subjective radiological assessment of the bone union quality. Bone union in our patients was described as fragile, good or complete. Based on this comparison, we found that vascular resistance index is an average of 0.2 lower in a fragile callus, when bone repair process is severe. The better is bone union, the higher are RI results. Vascular resistance index can be used for qualitative objective assessment of bone union ([Figure 5](#f5-poljradiol-80-473){ref-type="fig"}).

Disscusion
==========

Usefulness of ultrasonography in the study of the motion system has been confirmed first in the diagnosis of musculoskeletal injuries. The first report on the use of ultrasound in the evaluation of rib fractures was published in 1990 by Smeets et al. and it was a proposal of a new sonographic sign to the radiological spectrum of child abuse \[[@b6-poljradiol-80-473]\]. Shortly afterwards, on the basis of numerous studies, ultrasound has proven to be more effective than the standard X-rays in the diagnosis of rib fractures \[[@b7-poljradiol-80-473]--[@b12-poljradiol-80-473]\]. According to Griffith et al. \[[@b12-poljradiol-80-473]\], X-rays revealed 12%, whereas ultrasound revealed 78% of ribs fractures.

In 1995 Rathfelder and Paar, in the first generous study, reported good results for using sonografic methods in diagnosing fractures in children. In that study, in 53.3% of examined children, an X-ray could have been replaced by an ultrasound. Authors proposed a term "Osteosonography" for an ultrasound examination in bone fractures \[[@b14-poljradiol-80-473]\].

The use of ultrasonography in bone evaluation raised and still raises a lot of controversies. Ultrasound allows to show only the outer surface of the bone, with no access to the trabecular bone. Moreover, not every area of the bone is available to ultrasound. Despite these major disadvantages the publications show a high correlation of ultrasonography with radiographs in the diagnosis of sternum and long bone fractures, as well as in the evaluation of fractures in children \[[@b13-poljradiol-80-473],[@b14-poljradiol-80-473]\].

In the same period of time, research on the use of ultrasound in the evaluation of bone healing process after fracture was initiated. Authors showed a high correlation of ultrasonography with X-ray studies in the evaluation of periosteal reactions \[[@b15-poljradiol-80-473]--[@b18-poljradiol-80-473]\]. Maffulin et al. have also proven that ultrasound has a higher effectiveness in imaging of the callus in the early stages of the healing process. \[[@b15-poljradiol-80-473]\]. Moreover, the use of the Color or Power Doppler allows for evaluation of vascularization of periosteal reactions. Based on the research, it was found that vascular resistance and vessel density in the callus are greatest during the initial healing phase and gradually decrease from the 3--4 week after the fracture. Analysis of the results showed a high value of ultrasonographic evaluation of the vascularity of the callus in predicting normal or delayed healing \[[@b16-poljradiol-80-473],[@b17-poljradiol-80-473]\]. Another method for qualitative assessment of periosteal reactions using ultrasonic waves trades on significant changes in the mineral composition of the callus, comparing it to the healthy bone. This study involves the assessment of changes in the speed of the reflected wave from the callus using transducers \[[@b18-poljradiol-80-473]\].

In our study high effectiveness of ultrasound examination in evaluation of bone healing was proved. There were many advantages as lack of ionizing radiation, possibility of muscle visualization and qualitative assessment of the callus based on vascularization. The procedure was painless and well tolerated. The examination was easy to perform. Unfortunately we can perform the examination after plaster removal due to opacity of ultrasonic waves.

Conclusions
===========

Ultrasound gives more opportunities than we thought before. However, using US for evaluation of the callus after bone fractures needs practice and experience. We should consider all advantages of this examination. In certain cases we can reduce ionizing radiation and carry out qualitative assessment of the callus by replacing a standard X-ray with ultrasound. We should perform further studies and get more experience in ultrasound assessment in the bone healing process in children.

Preliminary results indicate the high efficacy of ultrasound in the evaluation of callus formation after fractures of long bones in children and a possibility of its alternative use to X-ray examinations.

The authors wish to express their gratitude to technicians and administrative personnel of the Radiology Department, and the patients whose participation made this study possible.

![Measurements of callus length and width in AP projection in a 6-year-old girl. (**A**) X-ray; (**B**) USG -- area medial; (**C**) USG -- area lateral.](poljradiol-80-473-g001){#f1-poljradiol-80-473}

![Measurements of fracture gap width in an 11-year-old boy. (**A**) X-ray; (**B**) USG.](poljradiol-80-473-g002){#f2-poljradiol-80-473}
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![Comparison of callus vascular resistance index with subjective assessment of the callus quality (P\<0.0001).](poljradiol-80-473-g005){#f5-poljradiol-80-473}

###### 

Description of the study.

               Subperiosteal fractures   Fractures without displacement   Fractures after reposition   Fractures with displacement   Row -- Totals
  ------------ ------------------------- -------------------------------- ---------------------------- ----------------------------- ---------------
  Male         3                         7                                4                            1                             15
   Column%     50.00%                    63.64%                           57.14%                       25.00%                        
   Row%        20.00%                    46.67%                           26.67%                       6.67%                         
  Female       3                         4                                3                            3                             13
   Column%     50.00%                    36.36%                           42.86%                       75.00%                        
   Row%        23.08%                    30.77%                           23.08%                       23.08%                        
  **Totals**   **6**                     **11**                           **7**                        **4**                         **28**

###### 

Comparison of average callus measurements in X-ray and ultrasound.

                               X-ray       Ultrasound   p
  ---------------------------- ----------- ------------ --------
  Callus length AP I \[cm\]    1.54±1.21   1.60±1.23    0.0355
  Callus width AP I \[cm\]     0.16±0.11   0.14±0.10    0.1083
  Callus length AP II \[cm\]   0.75±1.33   0.70±1.18    0.6744
  Callus width AP II \[cm\]    0.08±0.11   0.06±0.10    0.1088
  Callus length L I \[cm\]     1.45±1.14   1.40±1.05    0.1728
  Callus width L I \[cm\]      0.16±0.12   0.15±0.10    0.5536
  Callus length L II \[cm\]    0.35±0.84   0.35±0.82    0.8927
  Callus width L II \[cm\]     0.04±0.10   0.03±0.07    0.1088
  Bone splinters angle AP      2.75±6.14   2.74±6.11    0.7874
  Bone splinters angle L       3.86±6.80   3.74±6.57    0.0929
  Fracture gap width \[cm\]    0.09±0.10   0.09±0.11    1.0000
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